Skewed lyonization in healthy females represents the major disadvantage of X-chromosome-based clonality assays. Because most techniques are based on the difference in DNA methylation between active and inactive X-chromosomes, incomplete DNA digestion may occur, giving an unreliable clonality result. Here, we compare two different techniques carried out in healthy females belonging to three age groups and in a group of patients with essential thrombocythemia. The first technique involved the human androgen receptor gene, the second the transcript analysis of the iduronate-2-sulfatase, P55, and glucose-6-phospate dehydrogenase genes. Results between both techniques were concordant in most cases except in neonates, and the same pattern was observed in all fractions in healthy females. We conclude that: (a) clonality assays involving DNA and RNA polymorphisms are usually concordant except in neonates; (b) appropriate control tissue embryologically related to the sample must be chosen to eliminate excessive lyonization; (c) acquired skewing increases with age, whereas nonrandom lyonization is a rare phenomenon.
X-chromosome inactivation has been central to our understanding of the pathogenesis of human neoplasms. One of the two X-chromosomes in each somatic cell of healthy human females becomes inactivated very early in embryonic development. This inactivation occurs randomly, on both the maternal and paternal X-chromosomes [1] .
A prerequisite for all methods of clonality analysis based on X-inactivation is the ability to distinguish the paternally derived X-chromosome from the maternally derived one. The distinction is based on common polymorphisms that exist in the general population at different loci on the X-chromosome [2] . A second prerequisite is the ability to distinguish the active from the inactive X-chromosome. 1 Evidence for the underlying clonality of hematopoiesis was originally obtained by studying the glucose-6-phosphate dehydrogenase (G6PD) isoenzyme pattern, and its application was limited by the low number of informative females [3] [4] [5] . 1 Currently, the most widely applicable technique makes use of the differences in DNA methylation between active and inactive chromosome loci such as phosphoglycerate kinase (PGK), hypoxanthine phosphoribosyl transferase kinase, the DXS255 locus (M27␤), and the human androgen receptor (HUMARA) [2, 6 -9] . Recently, since only genes on the X-active chromosome are transcribed, clonality analysis based on transcript analysis has been developed [10 -12] . One advantage of this technique is the possibility to study clonality in platelets and reticulocytes. Moreover, it avoids the problem of potential incomplete digestion of genomic DNA.
However, 21-31% of healthy women have a skewing pattern of X-inactivation (or lyonization) with techniques based on DNA polymorphism, leading to a potential limitation for X-inactivation clonality assays because constitutional skewing mimics clonal derivation of cells, rendering clonality results uninterpretable [7, 13] . Different hypotheses have been suggested to explain the especially high rate of excessive lyonization in hematopoietic tissue. First, skewing of the X-chromosome inactivation pattern may be caused by the small stem-cell pool size at the time of X-chromosome inactivation [14] . Patterns will therefore vary from tissue to tissue. Because X-chromo-some inactivation takes place gradually over a period of time, as demonstrated by Tan et al., this will influence the patterns obtained; e.g., inactivation of the progenitor blood cell pool at an earlier development time would lead to considerably more skewing in blood cells than in gut cells, which are apparently one of the last cell populations to be inactivated [15] . Second, it is possible that somatic cell selection occurs after random X-inactivation has been established and as a consequence of a selective pressure on blood cells [16 -18] . Finally, stem-cell depletion or the development of clonal hematopoiesis may also induce a nonrandom pattern of X-inactivation [18] . Each of these acquired processes could result in highly skewed X-inactivation ratios and should be associated with an increased incidence of skewing with age. Fey et al. have reported data supporting a different incidence in skewing between elderly and younger females [7] , although Gale et al. were unable to demonstrate an effect of age on skewing when the totality of published data for healthy females was considered (n ϭ 100) [17] . Recently, Busque et al. showed that incidence of excessive lyonization in healthy women increased significantly with age with the HUMARA and PGK genes. The incidence of skewing (allele ratios Ն3:1) was 8.6% (14 of 162) in neonates, 16.4% (11 of 67) in women 28 to 32 years old, and 37.9% (25 of 66) in women Ն60 years [18] .
In addition to biological explanations, technical reasons may account for some of the discrepancies in the estimation of skewed lyonization in healthy females and possibly clonality analysis in various malignancies. This hypothesis is supported by the low frequency of skewed lyonization found by studying the expression of G6PD polymorphism at the protein level compared with the high frequency found with methylation analysis of the M27␤ locus [3, 7, 17] . Recently, new techniques based on transcript analysis have been described [10, 12, 19] . Thus, the aim of this study was to compare X-chromosome inactivation patterns by using two different PCR techniques. The first one is based on analysis of the difference in X-chromosome methylation between active and inactive chromosomes of the HUMARA gene [11] . The second is based on analysis of polymorphic transcript genes, which are expressed in all peripheral blood fractions: genes for iduronate-2-sulfatase (IDS), P55, and G6PD [11, 12] . These techniques were used to study the X-chromosome inactivation pattern in 123 samples from three age groups: female neonates, women ages 22-50 years, and women Ͼ50 years. We chose for comparison a group of patients with essential thrombocythemia (ET) in whom we already demonstrated the existence of clonal hematopoiesis in most cases [12] .
Materials and Methods subjects
Eighty-three peripheral blood samples and 40 cord blood samples were obtained from unrelated healthy females after informed consent. The samples were classified in three age groups: (a) neonates (cord blood taken instead of peripheral blood), n ϭ 40; (b) women ages 22 to 50 years, n ϭ 49; (c) women ages 50 to 80 years, n ϭ 34. Forty-eight ET patients were also studied. All samples wre collected after informed consent. Clinical and laboratory data of patients have already been reported in detail [12] .
cell fractionation
Peripheral blood was collected on citrate or EDTA and fractionated as previously described [12] . Cord blood was diluted in an equal volume of physiological saline before fractionation.
dna and rna isolation DNA was extracted from granulocyte and mononuclear cell fractions with the Isoquick kit (Orca Research), and from whole blood with the Gnome Kit (Bio 101). RNA was extracted from cell fractions, including platelets, according to Chomczynski and Sacchi [20] .
genotyping and clonality assays
These were performed on nucleated cells: granulocytes or total blood and in platelets. T lymphocytes were also studied in females with a skewed pattern of lyonization or when results were discordant.
Clonality analysis involving differences in DNA methylation:
HUMARA trinucleotide repeat polymorphism. This method has previously been described in detail [11] . Briefly, DNA was amplified by using two primers flanking the STR in the HUMARA gene. One primer was labeled at the 5Ј end with fluorescein. The products were analyzed and quantified with an automated DNA sequencer (ALF, Pharmacia-Biotech). The allele ratio was defined as the ratio between the intensity of PCR products from the two HUMARA alleles in a given sample, after digestion with methylation-sensitive enzymes (aЈ/aЈϩbЈ, aЈ being the smaller allele after digestion). The corrected ratio (CR) was defined as the allele ratio of the precut DNA sample (aЈ/aЈϩbЈ) divided by the allele ratio of the nonprecut sample (a/aϩb) specimen. This ratio compensates for potential preferential amplification of one of the two alleles (in general, the smaller one). Excessive skewing or clonality of hematopoiesis was defined as CR Ն3:1, which corresponds to the finding of one allele present on the same X-inactive chromosome in Ն75% of cells [18] .
Genotyping and clonality studies involving IDS, P55, and G6PD transcript polymorphism: PCR-restriction fragment length polymorphism (RFLP) technique.
Genotyping and clonality analysis by PCR-RFLP technique has been described in detail in previous reports [12] . Briefly, DNA was tested for a silent exonic polymorphism at nucleotides 1311, 438, and 358. In heterozygous females, after reverse transcription by using random priming, cDNAs were amplified, digested, and analyzed on ethidium bromide-stained agarose gel. After migration, two bands were seen when X-chromosome inactivation was random, whereas only a single band was seen in females with skewed inactivation.
Relative quantification of mRNAs by fluorescent primer extension assay. This was performed by primer extension assay with a fluorescent primer close to the polymorphic site for IDS, P55, and G6PD genes (Fig. 1) [21-23] .
PCR products were obtained by using primers located on two different exons for each polymorphism: IDS 3 and IDS 4B; P55 1B and P55 4; G6PD 10B and G6PD 11. IDS 4B, P55 1B, and G6PD 10B were end-labeled with biotin according to the instructions of the manufacturer. Singlestrand DNA was produced with 10 L of M280 Dynabeads (Dynal) and 20 L of amplified products. Then 5 L of single-strand PCR product was mixed with 1 L of hybridization buffer (1 mol/L Tris-HCl pH 7.4, 100 mmol/L MgCl 2 ) and 0.5 pmol of the purified and fluorescent primer: IDS 4F, P55 3F, or G6PD 11F for 15 min at 37°C and 10 min at room temperature. Sequenase (0.5 U) (USB) and then termination mixture (5 L) were added and the mixture was incubated for 3 min at 37°C. This latter mixture contained 50 mmol/L NaCl; 40 mmol/L Tris-HCl pH 7.4; and 500 mol/L dATP, 500 mol/L dCTP, 500 mol/L dGTP, and 500 mol/L ddTTP (dideoxythymidine triphosphate) for IDS polymorphism. For P55 and G6PD genes the termination mixture contained ddCTP (with dATP, dGTP, and dTTP) and ddGTP (with dATP, dCTP, and dTTP) respectively. After migration on an automated sequencer (ALF, Pharmacia), allelespecific products were detected as fluorescent peaks and the area under the curve was determined with the fragment manager software (Pharmacia). In females with a nonrandom inactivation pattern, only one peak was obtained (in addition to the peak corresponding to the fluorescent primer), whereas two peaks were detected in cases of random X-inactivation. Excessive skewing or After RNA extraction and reverse transcription, amplification of the polymorphic site was performed with a biotinylated primer. Capture and purification were then accomplished by incubation with M280 Dynabeads and separation with a Dynal MPC. Once immobilized, the DNA template was converted to a single-stranded template by denaturation with 0.1 mol/L NaOH. Primer extension was obtained by addition of sequenase, fluorescent primer, and a termination mixture including ddTTP for IDS polymorphism. After migration on polyacrylamide gel, the alleles were detected as fluorescent peaks. In females with nonrandom lyonization or patients with clonal hematopoiesis, one peak of 21 or 24 bases was detected in T or C polymorphism respectively, while two peaks were detected in cases of random X-lyonization.
Clinical Chemistry
clonality of hematopoiesis was defined as an allelic ratio Ն3:1. Table 1 shows the sequence and the position of all primers, as well PCR conditions.
To study the reliability and the sensitivity of the technique, we performed mixing experiments. We added clonal cells b (C allele expression for IDS gene) to polyclonal cells a at different ratios with a total of 8 million cells in each experiment. The different ratios were: 8 a; 7:1; 6:2; 5:3; 4:4; 3:5; 2:6; 1:7; 8 b. After RNA extraction and reverse transcription, PCR and primer extension assay were carried out for IDS polymorphism.
Results

validation of primer extension assay
To polyclonal cells with two peaks of 50% each (a, Fig.  2A ), we added clonal cells b at different ratios with an arithmetic progression of 12.5%. A strong linearity was observed between allele ratios and the percentage of cells expressing the same X chromosome (Fig. 2B) . The peak of the C allele increased 11%, 24%, 38%, 50%, 64%, 74%, 90%, and 100% when we added 12.5%, 25%, 37.5%, 50%, 62.5%, 75%, 82.5%, and 100% of clonal cells with C polymorphism, respectively. A clonal population is then detected according to our criteria (allelic ratio Ն3:1) when it represents more than or equal to half of the population cells.
age variation of x-inactivation pattern in healthy controls
By the difference in DNA methylation: All DNA samples were tested for HUMARA gene polymorphism. The incidence of excessive lyonization by age group was: 9 of 38 (24%) in neonates, 0 of 46 in women Ͻ50 years, and 6 of 29 (21%) in women Ͼ50 years of age (Table 2) .
By analysis of RNA polymorphism:
Percentage of X-skewed lyonization was 3%, 0%, and 21% in the different groups respectively ( Table 2 ). The incidence of skewing in neonates by using HUMARA gene polymorphism (24%) compared with transcript analysis (3%) was statistically different ( 2 ϭ 3.83), but the number of samples was small.
Comparison between clonality assays involving difference of methylation on DNA and trancript analysis. We used four polymorphic genes, which enabled us to study all except two of 125 samples, 87 of them being informative for at least one DNA and one RNA polymorphism.
Results were concordant in 82 of 87 cases (94%) and discordant in five cases. Among the 27 subjects informative for both techniques in neonates, we noticed a nonrandom pattern in four samples using HUMARA polymorphism and a random pattern by analysis of RNA transcripts (P ϭ 0.15, Fisher test) (Table 3a, Fig. 3 ). The opposite was observed in one elderly woman (Table 3c , Fig. 3 ).
X-inactivation pattern was the same in the different hematopoietic lineages obtained from each individual: granulocytes, platelets, and T lymphocytes.
results of clonality assays in et patients
The overall results have been published previously [12] . Briefly, 74% and 68% of the patients showed a nonrandom pattern in granulocytes with DNA and mRNA analysis respectively. Among 48 patients studied, 28 were informative for both techniques with HUMARA polymorphism and at least one RNA polymorphism. Results were concordant in 26 of 28 cases (93%) and discordant in two patients (Table 3d, Fig. 3 ). In these two patients, a random pattern of X-inactivation was obtained in nucleated cells by using HUMARA polymorphism, whereas a clonal hematopoiesis was observed by transcript analysis in all fractions except T lymphocytes in one patient, and a skewed lyonization in the other patient. In two patients, no conclusion could be drawn as the same nonrandom lyonization was observed in all fractions.
Discussion
Because most techniques used for X-inactivation studies are based on variations of gene methylation, the aim of this study was to compare the methylation pattern of DNA with the expression pattern of genes present on the X-chromosome. In contrast to a previous report [24] , we were not able to reliably detect HUMARA gene expression in hematopoietic cells; we therefore developed clonality assays based on analysis of polymorphic transcripts of other genes located on the X-chromosome. Methylation represents the final step of the X-chromosome inactivation process [25] . Whether or not this methylation is complete at birth and whether it varies with age is still debated [7, 17, 18] . For this reason, we compared Subjects were healthy females and ET patients who were informative for the HUMARA polymorphism and at least one of the three RNA polymorphisms. The X-chromosome inactivation pattern was scored as random or nonrandom and the results obtained with RNA and DNA polymorphisms are compared.
X-inactivation by using DNA and RNA polymorphisms in different age groups, from neonates to elderly women, as well as in a group of ET patients, a majority of whom are known to show clonal hematopoiesis.
Our techniques used to study HUMARA gene polymorphism and quantification of mRNAs by fluorescent primer give quantitative results that are therefore directly comparable. Results were concordant in most cases in healthy females and patients. However, some discordances were observed. First, we found a statistically significant difference in skewing rate in neonates using DNA polymorphism (24%) compared with RNA polymorphisms (3%). One explanation could be that methylation was incomplete at birth on one allele, paternal or maternal. Indeed, the opposite pattern was observed in one elderly woman and two ET patients. In the case of the elderly woman, the discrepancy could be due to hypermethylation of DNA on the active X-chromosome resulting in incomplete digestion and consequently a random pattern, while basically X-inactivation was skewed. Alternatively, the occurrence of a mutation on one allele of the IDS gene may lead to the absence of its expression in females with a random pattern of X-inactivation. In patients, it may be due to hypermethylation of DNA as already described in tumors [2] , especially because of the clear clonality feature obtained by transcript analysis in one patient (clonality in granulocytes and platelets with polyclonality in T lymphocytes).
Comparison between the DNA and RNA polymorphisms showed some interesting results that may help clarify the interpretation of excessive lyonization in healthy females. Both techniques showed an increase in skewing rate between females Ͻ50 years and elderly ones. This suggests that methylation does not increase with age, but that depletion of stem cells, clonal selection, or the appearance of clonal hematopoiesis might occur with age. Furthermore, using RNA polymorphisms, we confirmed the findings of others that incidence of skewed lyonization is very low at birth. This low incidence of excessive skewing in neonates also suggests that the estimated number of stem cells present at the time of X-inactivation could be higher than previously reported.
Our results are not in agreement with those of other authors who found a low rate of nonrandom X-inactivation at birth using HUMARA polymorphism [18] , but our group of neonates was much smaller (40 vs 162).
Our study showed that clonality assays involving DNA and RNA polymorphisms are usually concordant except in neonates. We also confirmed that the same pattern of X-chromosome inactivation is observed in all hematopoietic lineages in healthy females, as they all derive from the same pluripotent stem cells, in contrast to the results in ET patients with clonal hematopoiesis. The results of this study further emphasize that appropriate control tissue should be used for each individual female when conducting an X-inactivation clonality assay. A somatic tissue not involved in the disease process and embryologically related to the sample must be chosen to eliminate excessive lyonization or acquired skewing.
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